Abstract-Diffusion-based molecular communication (MC) systems experience significant reliability losses. To boost the reliability, a MC scheme where multiple receivers (RXs) work cooperatively to decide the signal of a transmitter (TX) by sending the same type of molecules to a fusion center (FC) is proposed in this paper. The FC observes the total number of molecules received and compares this number with a threshold to determine the TX's signal. The proposed scheme is more bio-realistic and requires relatively low computational complexity compared to existing cooperative schemes where the RXs send and the FC recognizes different types of molecules. Asymmetric and symmetric topologies are considered, and closed-form expressions are derived for the global error probability for both topologies. Results show that the trade-off for simplified computations leads to a slight reduction in error performance, compared to the existing cooperative schemes.
I. INTRODUCTION
Molecular communication (MC) describes how information is exchanged using molecules, which is one of the most common means of communication among biological entities [1] . The unique features of MC enable it to advance nanoapplications in a variety of fields, such as the analysis of biological materials [2] , the engineering of tissue structure [3] , the interface between human brain and electrical devices [4] , and the targeted drug delivery [5] .
Researchers are developing theoretical models to analyze and improve the quality of MC systems. Of all the existing theoretical models, the diffusion-based model is a simple and fundamental one. In such a system, the communication depends only on the random walk of the information molecules; there is no additional mechanism required. However, a common issue is that the reliability of a single-link MC system rapidly decreases when the propagation distance increases. To solve this problem, one approach where multiple receivers (RXs) share common information, was proposed and is commonly found in biology. For example, nitric oxide is a gas particle that passes from its source to neighboring cells, binds to the receptor guanylyl cyclase of neighboring cells, and activates the receptors to perform the synthesis of messenger molecules [6, Ch 7] . Another example is the protein Interleukin-6, which is detectable by many types of cells such as B cells and T cells. The protein supports these cells and thus enables functions in the immune system [7] .
The majority of existing MC studies have focused on the modeling of single-link MC systems. To solve the reliability issue, some papers, such as [8] - [10] , have investigated multihop or multi-RX MC systems that build upon single links. [8] and [9] considered multi-transmitter (TX) networks. In [10] , various techniques for a multi-input multi-output MC system were proposed. However, the benefits of cooperation among multiple RXs to determine a TX's symbol sequence have not been studied. An exception is our work described in [11] - [13] . [11] and [12] analyzed the error performance of a cooperative MC system where multiple RXs report their decisions on a TX's symbols to a fusion center (FC) using distinct types of molecules. The FC uses hard fusion rules to make a final decision. [13] considered maximum likelihood detection in a multi-RX systems to determine the lower bounds on the error performance that can be achieved using the hard fusion rules considered in [11] and [12] . However, multiple types of molecules may not be available in some biological environments. Also, identifying different types of molecules and performing maximum likelihood detection at the FC may be cumbersome in certain applications.
In this paper, we consider a cooperative MC system where multiple RXs report their decisions on a TX's symbols to a FC using the same type of molecule and the FC makes a global decision by comparing the observations with a constant threshold. For the sake of convenience, we call this cooperative scheme decode and forward (DF) with single-molecule-type and constant threshold at the FC (SD-Constant). Our goal is to demonstrate the reliability improvement over a single link even though we have a constraint on the types of molecules available at the RXs. Compared with the hard fusion rules considered in [11] , the SD-Constant scheme is more suitable for the environment where the processing capabilities of devices are more limited, or where the number of types of molecules available is constrained. We consider asymmetric and symmetric topologies for the cooperative MC system. For both topologies, we derive closed-form analytical expressions for the analytical global error probabilities. Using numerical and simulation results, we validate our analytical results and show that the error performance of the SD-Constant scheme is better than that of a single link.
II. SYSTEM MODEL
We consider a three-dimensional diffusive MC system based on [11] , with a point TX, a set of K RXs, and an FC, as shown in Fig. 1 . We generally assume that the RXs are closer to the FC than to the TX. We denote d TX k and d FC k as the distance between the kth RX and the TX, and the distance between the kth RX and the FC, respectively. The RXs and the FC are passive spherical observers such that the information molecules diffuse through them without reacting. Accordingly, we denote V RX k and r RX k as the volume and the radius of the kth RX, RX k , respectively, where k ∈ {1, 2, . . . , K}. V FC and r FC are the volume and radius of the FC. We further assume that all individual observations are independent of each other. During each interval, the TX first releases type A molecules, and then the RXs detect the number of the type A molecules that are within the spheres. After that, all of the RXs report decisions using type B molecules to the FC and the FC makes a final decision based on all information provided by the RXs. These are the three phases of the communication in our system, detailed as follows:
In the first phase, the TX transmits one symbol of information via the type A molecules to the RXs through the diffusive channel. The number of released type A molecules is denoted by S A . We assume that each molecule diffuses independently. The TX uses ON/OFF keying to convey information, which means that the TX releases S A molecules of type A to convey information symbol "1", and releases nothing to convey information symbol "0". The information transmitted by the TX is encoded into an L-length binary sequence, denoted by
. . , L}, is the jth symbol transmitted by the TX. We also assume that Pr(W TX [j] = 1) = P 1 and Pr(W TX [j] = 0) = 1 − P 1 , where Pr(·) denotes probability. Once released, the type A molecules diffuse freely in the environment and are detectable by all RXs.
In the second phase, each RX makes binary decisions (hard decisions) of "0" and "1" by comparing the number of observed molecules with a constant threshold. The decision of the kth RX on the jth symbol isŴ RX k [j] . Once the decisions are made, all K RXs simultaneously release type B molecules to report to the FC. We assume that the type B molecules are released from the centers of the RXs. Similar to the TX, each RX uses ON/OFF keying to report its decision, i.e., the RX releases S B molecules of type B ifŴ RX k [j] = 1, otherwise the RX releases no molecules. The released type B molecules are only detectable by the FC.
In the final phase, the FC detects and counts all of the type B molecules sent from RXs. The FC is not able to differentiate which molecules were released by which RXs. Thus, it compares the total number with a constant threshold to determine the current symbol transmitted by the TX,
} as an l-length subsequence of the information transmitted by the TX, where l ≤ L. We also defineŴ We synchronize the devices in the following way. The time interval for transmitting adjacent symbols is T . The RXs operate in half-duplex mode; they take M RX samples between (j − 1)T and (j − 1)T + t trans , where t trans is the transmission time interval from the TX to the RXs, and report at times (j − 1)T + t trans , m ∈ {1, 2, ..., M RX }. The samples at the RXs are spaced equally, such that the mth RX sample for the jth symbol is taken at t RX (j, m) = (j − 1)T + m∆t RX where ∆t RX is the duration between two adjacent samples. We denote t report as the reporting time interval from the RXs to the FC, and we take the FC'sm samples at times t FC (j,m) = (j − 1)T + t trans +m∆t FC , ∆t FC being the time duration between two adjacent FC samples andm ∈ {1, 2, ..., M FC }. We assume M RX ∆t RX < t trans to ensure the half-duplex mode. We also assume that M FC ∆t FC < t report . We further assume that samples are combined using energy detection to reduce the computational complexity.
III. ERROR PERFORMANCE ANALYSIS OF COOPERATIVE MC SYSTEMS
In this section, we first review the analytical error performance of the TX-RX k link and then analyze the analytical global error performance of the cooperative MC system for asymmetric and symmetric topologies. In the asymmetric topology, the d TX k are not identical for all RX k and/or the d FC k are not identical for all RX k . In the symmetric topology, the d TX k are identical for all RX k , and the d FC k are also identical for all RX k .
A. TX-RX k Link
In this subsection we examine the analytical error performance of the TX-RX k link, based on the analytical methods presented in [14] . We first evaluate P (TX,RX k ) ob (t), the probability of observing a type A molecule inside V RX k at time t, where the molecule was emitted from the TX at t = 0. Assuming that type A molecules diffuse freely from a sufficient distance TX to the RX, based on [14] , we evaluate P (TX,RX k ) ob (t) as
where D A is the diffusion coefficient of the type A molecules and d TX k is the distance between the TX and the center of RX k . The number of molecules observed within V RX k in the jth symbol interval due to the emission of molecules from the current and previous symbol intervals at the TX, W 
Then, the RX k decides on the jth symbol bŷ
where ξ RX k is the constant threshold at RX k , and is independent of the symbol intervals. Afterwards, we derive the analytical miss detection probability P md,k [j] and false alarm probability P fa,k [j] of the TX-RX k link in the jth symbol interval, for a given transmitter sequence 1 W j−1
TX
. The case that "1" is transmitted but "0" is received is a miss detection and the case that "0" is transmitted but "1" is received is a false alarm. Based on [14] , P md,k [j] and P fa,k [j] are written as
and
B. Global Error Probability
In this subsection, we determine the global error performance of the cooperative MC system with the SD-Constant scheme for asymmetric and symmetric topologies. The analytical global error probability in the jth symbol interval for a given TX sequence W and all symbol intervals, the analytical average error probability of the cooperative MC system, Q FC , is obtained.
We denote P (RX k ,FC) ob (t) as the probability of observing a given B molecule, emitted from the center of RX k at t = 0, inside V FC at time t. Due to the close distance between the RXs and the FC, the uniform concentration assumption of the B molecules inside V FC is not valid. Thus, we use [15, Eq. (27)] to evaluate P (RX k ,FC) ob (t) as
1 All the expected error probabilities throughout this paper are derived for given W j−1 TX , unless otherwise specified.
where D B is the diffusion coefficient of the type B molecules and d FC k is the distance from RX k to the FC. We then denote S (RX k ,FC) ob
[j] as the number of molecules that are observed by the FC in the jth symbol interval, due to the emission of molecules from the current and previous symbol intervals at the RX k , W 
where ξ FC is the constant threshold at the FC and is independent of symbol intervals. Similarly, (8) ,
We now focus on the symmetric topology. We define a subset R n , n ∈ {0, 1, 2, ..., K}, which contains all of the realizations where n RXs decide "1" and K − n RXs decide "0". Since the distances of the TX-RX k links are identical in the symmetric topology, we write P md,k [j] = P md [j] and P fa,k [j] = P fa [j] . We note that the distances of RX k -FC links are also identical in the symmetric topology. Using these notations, we then simplify (8) and (9) as 
IV. NUMERICAL RESULTS AND SIMULATIONS
In this section, we present our numerical results for the error performance of the proposed SD-Constant scheme, where the simulation results are generated by a particle-based simulation method. We set the simulation parameters as follows: the TX releases 8000 molecules for symbol "1" and each RX releases ⌈2000/K⌉ molecules for decision "1" , i.e, the total number of molecules released by all RXs for symbol "1" is fixed at 2000. We place the TX at (0, 0, 0) and the FC at (2 µm, 0, 0). We also set up the locations of the RXs for the symmetric topology and the asymmetric topology as presented in Tables I and II . Throughout this section, we only vary the threshold at the RX k , ξ RX k , the threshold at the FC, ξ FC , the number of RXs, K, and the distance between the TX and the center of RX k , d TX k . Other fixed parameters are listed in Table III . Furthermore, we consider the same radius and the same detection threshold for all RXs such that r RX k = r RX and ξ RX k = ξ RX , ∀k.
We compare the error performance of the SD-Constant scheme with those of the other two schemes. The first one is a single-link scheme, where there is a TX at (0, 0, 0) and one RX at (2 µm, 0.6 µm, 0) in the system (i.e., no FC). We assume that the TX releases 10000 molecules for symbol "1" in the single-link scheme. The second scheme is the majority rule explored in [11] , where the RXs report their decisions with distinct types of molecules and the FC decides using the majority rule. Except for the parameters specified above, we set the other parameters of these two schemes to be the same as those for the SD-Constant scheme.
In Fig. 2 , we consider the symmetric topology and plot the average global error probability Q FC of a three-RX cooperative MC system versus the detection threshold at the RXs, ξ RX . We consider a fixed threshold at the FC that is assumed independent of ξ RX , i.e., ξ FC = 4 for the majority rule and ξ FC = 6 for the SD-Constant scheme. We see that the simulation curves match with the analytical curves, which demonstrates the accuracy of our analytical results. We also see that the SD-Constant scheme only suffers a slight 20% error performance degradation compared to the majority rule and the SD-Constant scheme outperforms the single link significantly by almost a factor of 3 at their corresponding optimal RX detection thresholds.
In Fig. 3 , we consider the symmetric topology and plot the optimal error probability Q * FC versus the number of RXs, K. The value of Q * FC for each K is achieved by jointly numerically optimizing ξ RX and ξ FC . We see that the simulation curves agree with the analytical curves. The SD-Constant and the majority rule outperform the single link and the majority rule outperforms the SD-Constant. This is consistent with our expectation since for the majority rule, the RXs report to the FC with different types of molecules and that requires higher computational complexity. We further see that the error performance of the SD-Constant and the majority rules profoundly improve as K increases, even though the total number of molecules used in the cooperative MC system is constrained.
In Fig. 4 , we consider the asymmetric topology and plot the optimal error probability Q * FC of a three-RX cooperative MC system versus the distance between the TX and RX 3 , d TX 3 . We keep the positions of RX 1 and RX 2 fixed and move RX 3 along the line segment between the symmetric position and the TX, as indicated in Table II . The value of Q * FC for each d TX 3 is achieved by jointly numerically optimizing ξ RX and ξ FC . We see that our analysis is again verified by simulations. The error performance first improves and then decreases as RX 3 moves toward the TX. We observe that d TX 3 = 1.67µm has the best error performance. This is because both the TX-RX 3 link and the RX 3 -FC link contribute to the error performance of the system. When d TX 3 = 2.088µm, the system error performance is dominated by the TX-RX 3 link and this link becomes more reliable as d TX 3 decreases. For d TX 3 < 1.67µm, the system error performance is dominated by the RX 3 -FC link, which becomes weaker when d TX 3 decreases.
V. CONCLUSION
In this paper, we proposed a practical multi-receiver cooperative scheme called SD-Constant to improve the reliability of diffusion-based MC systems. In this scheme, each RX uses the same type of molecule to report its decisions. Hence, the new scheme is more bio-realistic than hard fusion rules for environments where the types of molecules available is constrained and the devices have lower computational complexity. We also considered asymmetric and symmetric topologies for the system. We derived closed-form expressions for the global error probabilities for both topologies. Using numerical and simulation results, we verified our analysis. We demonstrated the error performance advantage of the SD-Constant scheme over the single-link approach. We note that for the SDConstant scheme, the slight decrease in error performance is an acceptable trade-off for a computational complexity that is lower than that of the majority rule.
